Introduction {#S0001}
============

Collagen cross-linking (CXL) is one of the treatment options that has led to a reduction in corneal transplantations for keratoconus (KCN).[@CIT0001] Simplicity and lower cost along with its good results makes CXL the most popular treatment for stabilizing disease progression. The key to success is a lasting stiffening effect and a halt to further thinning as well as preventing long-lasting side effects.[@CIT0002] CXL is an approach with the objective of elevating corneal biomechanical stability and rigidity.[@CIT0003],[@CIT0004] The process entails debriding the corneal epithelium within a central zone diameter of 6--7mm followed by application of riboflavin 0.1% solution following by corneal radiation at 370 nm of ultraviolet-A light. This radiation triggers riboflavin, hence producing reactive oxygen species that enables the formation of extra covalent bonds (situated amid collagen fibrils) in the cornea stroma. The level of irradiation penetrating the corneal endothelium, retina, and lens is considerably less than the harmful threshold.[@CIT0005]

The cornea's mechanical strength is reduced in keratoconus. In addition to load values, this is valid equally for stress values, typically the load values that are cross-sectional area segmented. A distinctive corneal haze is often detected in clinical evaluations after CXL.[@CIT0006] The literature reveals how CXL's depth and haze formation is capable of being viewed by simply employing the separation line observed in the corneal stroma[@CIT0007] or via ranking slit lamp's cornea haze.[@CIT0008] Additionally, further confirmation of cornea haze after CXL has been delineated utilizing confocal microscopy.[@CIT0009],[@CIT0010]

Oculus Pentacam (Oculus Inc., Wetzlar, Germany), a device that employs the Scheimpflug principle to focus images at the anterior segment. It has a rotating camera that takes close to 50 anterior segment images in 2 seconds thus providing a quantifiable measurement of corneal clarity. This study aims to evaluate cross-linking procedure outcome by using corneal densitometry to quantify haze in both adult and juvenile keratoconus.

Participants and Methods {#S0002}
========================

This is a prospective comparative and non-randomised cross-sectional study and was approved by Central Manchester University Hospitals NHS Foundation Trust, Manchester, UK, and NREC local ethics committee.

Informed consents were obtained from all participants after careful explanation of the nature of the study. A parent or legal guardian provided written informed consent for any participant under the age of 18 years. The study adheres to the principles of the Declaration of Helsinki. Patients who were age more than 12 years old at the time of CXL treatment and were happy to be included in the study for a one year follow-up post treatment were selected. Clinical notes were examined where relevant information were recorded for descriptive data analysis. Post-treatment parameters including best-corrected visual acuity in LogMAR (BCVA), refraction and relevant clinical details were extracted from the clinical notes for data analysis. Post-operative data of CD and central corneal thickness (CCT) were measured by the Oculus Pentacam.

CXL Treatment Procedures {#S0002-S2001}
------------------------

The same technique was carried out for all patients following a standard protocol for corneal CXL.[@CIT0003] Topical anaesthesia of the cornea was obtained using Benoxinate 0.4%. After a lid speculum was inserted, 20% alcohol was applied for 20 seconds to debride the epithelial layer. Ultrasound pachymetry was used to check central corneal thickness after debridement. If CCT was more than 400um the process continued to be applied by one drop of 0.4% hypotonic riboflavin applied to the cornea every minute for 20 mins. The centre of the cornea was then irradiated with ultraviolet-A (9.86mW-UVA) for 10 mins (UVX 1000 system; IROC Innocross AG, Zurich, Switzerland). Following the CXL procedure, all patients receive a topical antibiotic with appropriate pain relief and dexamethasone 1% for a period of 4--8 weeks post treatment.

Pentacam Imaging {#S0002-S2002}
----------------

Pentacam images are routinely used clinically as a corneal diagnostic measurement to assess disease progression in keratoconus patients. A good single image of the cornea was taken at each visit both pre and post treatment at routine clinic visits at 3, 6 and 12 months post treatment. For the purpose of analysis CD, the cornea was dividing into 3 layers (anterior, central and posterior) and 3 concentric zones (0--2, 2--6 and 6--10 mm).

The measurements from the Pentacam images were compared to other measurements such as visual acuity to determine if each measurement can provide useful information on the progression of the disease and the subsequent improvement after CXL.

Statistical Analysis {#S0002-S2003}
--------------------

Data analyses were performed using IBM SPSS Statistics for Mac, Version 23.0. Armonk, NY: IBM Corp and Graph pad prism7 for Windows was used for statistical analysis. Normality of data was assessed with the Shapiro--Wilks test. Data were presented for each follow-up as the mean ± standard deviation (SD) at baseline, 3 months, 6 months, and 12 months. Mann--Whitney test was used to analyse to compare both groups. Paired Wilcoxon-signed rank was used to analyse follow-ups as compared to the baseline. A P value \<0.05 considered statistically significant.

Results {#S0003}
=======

There were a total number of 32 eyes from 31 patients (14 eyes in the juvenile group and 18 eyes in the adult group). Male to female ratio was 20:12 and there were 17 right eyes and 15 left eyes. The mean and standard deviation of the age at treatment time was 16.0 (1.79) for the juvenile group and 26.2 (7.67) for the adult group. Mean and SD of CD for different layer and zone for both groups have been summarized in [Tables 1](#T0001){ref-type="table"} and [2](#T0002){ref-type="table"}.Table 1Mean and SD for Corneal Densitometry at Pre-Treatment and Post Treatment at 3, 6, 12 Months for Adult GroupZoneLayersPre CXL, Mean (SD)Post CXL, Mean (SD)3 Months6 Months12 Months0--2 mmAnterior24.7 (8.3)29.5 (7.1)25.9 (7.7)24.9 (3.1)Central18.4 (2.8)20.9 (3.3)18.3 (2.4)18.5 (1.8)Posterior12.6 (0.7)13.1 (1.8)12.5 (1.2)12.7 (1.4)2--6 mmAnterior20.1 (6.1)24.3 (6.5)21.4 (6.8)19.8 (2.0)Central16.0 (2.8)15.8 (2.4)16.0 (1.7)18.3 (2.7)Posterior12.2 (0.5)12.6 (1.1)11.8 (1.1)12.2 (1.1)6--10 mmAnterior18.5 (4.8)22.0 (6.4)19.9 (6.6)18.5 (2.9)Central15.0 (2.2)16.5 (2.6)15.4 (2.6)15.8 (2.1)Posterior12.9 (1.4)13.4 (2.0)13.1 (1.8)13.3 (1.8) Table 2Mean and SD for Corneal Densitometry at Pre-Treatment and Post Treatment at 3, 6, and 12 Months for Juvenile GroupZoneLayersPre CXL, Mean (SD)Post CXL, Mean (SD)3 Months6 Months12 Months0--2 mmAnterior24.2 (0.8)39.7 (20.8)28.5 (5.4)31.5 (14.2)Central19.3 (0.6)32.9 (22.2)21.5 (3.0)24.4 (11.1)Posterior13.8 (0.6)20.3 (14.6)14.3 (1.2)16.2 (6.8)2--6 mmAnterior19.8 (0.8)33.8 (20.6)23.5 (4.4)27.8 (16.4)Central16.2 (0.7)25.7 (16.2)17.8 (1.7)21.0 (10.7)Posterior12.6 (0.8)17.4 (11.4)12.9 (1.1)14.4 (5.3)6--10 mmAnterior18.5 (1.9)23.3 (6.4)19.1 (2.9)26.09 (11.0)Central14.9 (1.3)18.2 (7.0)14.6 (1.7)16.7 (5.2)Posterior12.2 (1.2)14.3 (5.4)12.0 (1.7)12.7 (2.6)

Adult Group {#S0003-S2001}
-----------

[Figure 1A](#F0001){ref-type="fig"} illustrates the differences found between post treatment measurements and the different zones of the cornea. A significant statistical difference in CD was found between pre-treatment and 3 months post treatment period. This was found at the anterior (P=0.01) and central (P=0.02) layers of corneal zone 0--2. Another statistical significant difference was found within the 2--6 mm zone at the anterior layer (P=0.003), and the central layer (P=0.02). However, the difference between pre-treatment and post treatment at 6 and 12 months was not statistically significant (P\>0.05).Figure 1Corneal densitometry diversity at 3, 6 and 12 months post treatment for both groups. (**A**) Adult and (**B**) Juvenile in the different corneal zones and layers (\* significant from pre-treatment and \# represent significant from 3 months post treatment at level P\<0.05).

When we compared the result of post treatment at 3 months with post treatment at 6 months statistically significant differences in CD were found in zone 0--2 mm of the anterior layer (P=0.03) central layer (P=0.03). For the 2--6 mm zone, significant statistical difference was found in the anterior layer (P0.04) and the central layer (P=0.008). Also, at zone 6--10 mm, the study found statistical difference in CD for anterior (P=0.01) and central (P=0.04). Comparing results between 3 months and 12 months, CD statistically differed between both groups at 0--2 mm zone for the central layer (P=0.01), in the 2--6 mm zone of the anterior layer (P=0.02) and central layer (P=0.01) and in the 6--10 mm zone anterior (P=0.01) and central (P=0.04). No statistical differences in CD were present when we compared its value between 6 and 12 months post treatment.

Juvenile Group {#S0003-S2002}
--------------

Corneal densitometry found differences at 3 months post treatment from the pre-treatment value. Statistical differences in CD were found in the 0--2 mm zone for anterior (P=0.01) central layers (P=0.02) and at zone 2--6 mm for anterior layer (P=0.009), and central layer (P=0.009).

Comparing post treatment at 6 months to pre-treatment result found a statically significant CD in the 0--2 mm zone for the anterior layer (P=0.03), central layer (P=0.008) and posterior layer (P=0.03). Significant differences in CD were present in the 2--6 mm zone for the anterior layer (P=0.009) and the central layer (P=0.009).

At 12 months post treatment the value of CD found differed statistically from pre-treatment in the 0--2 mm zone for the anterior layer (P=0.03), in the 2--6 mm zone for anterior layer (P=0.01) and central layer (P=0.01).

At 12 months post treatment the value of CD found differed statistically from post treatment at 3 months in the 2--6 mm zone for the central layer (P=0.04). At 6 months post treatment the CD found no differences statistically from the post treatment at 3 months and 12 months in all corneal zones and layers ([Figure 1B](#F0001){ref-type="fig"}).

Comparison of Both Groups {#S0003-S2003}
-------------------------

The results of CD were compared between the adult and the juvenile groups at each time point and each corneal zone or layer. At pre-treatment a statistical significant difference was found in the 0--2 mm concentric zone for the central layer (P=0.022), posterior layer (P=0.013) and at full depth (P=0.04). The CD were found higher in Juvenile group in these entire layers pre-treatment vs adult group. However, at three months post treatment there were non-statistical differences between the two groups.

A significant statistical difference in CD was noted at six months post treatment in the 0--2 mm zone for the central layer (P=0.006), posterior layer (P=0.004) and full depth (P=0.026). There was also a statistically significant difference in CD readings in the anterior layer (P=0.017), central layer (P=0.013), posterior layer (P=0.013) and at full depth (P=0.011) within the 2--6 mm zone.

One year post treatment comparison found a statistical significant difference between both groups in the corneal zone 0--2 mm for the central layer (P=0.007), posterior layer (P=0.01) and at full depth (P=0.036). Another statistical significant difference found in the same post treatment time at 2--6 mm zone for the central layer (P=0.04).

No statistical differences were noted in CCT and thinnest area between pre-treatment and post-treatment at different measurement times within the groups and between both groups (P\>0.05) ([Figure 2](#F0002){ref-type="fig"}).Figure 2Corneal thickness (CCT) and thinnest area (THA) diversity between pre-treatment and all post-treatment period at each group.

There were no significant differences in BCVA between pre-treatment and all post treatment periods in the juvenile group (P\<0.05) but there was a significant improvement in BCVA in the adult group at 6 months post treatment (P=0.02) and at 12 months post treatment (P=0.016) ([Figure 3](#F0003){ref-type="fig"}).Figure 3Diversity on BCVA between pre-treatment and post-treatment both in the adult and juvenile groups (\*significant from pre-treatment at P\<0.05).

Discussion {#S0004}
==========

One of the most common problems post-CXL in keratoconus is a significant increase in transient corneal haze. This haze formation can effectively restrict the treatment benefits by reducing corneal clarity which will ultimately effect BCVA outcome.[@CIT0011],[@CIT0012] This study has investigated the nature of the haze objectively by using Pentacam Scheimpflug densitometry. This objective method has superiority over the clinical judging of the level of haze grade and may be useful in clarifying the role of post CXL haze. The aetiology of haze formation post CXL treatment is not fully understood and there are a few discrepancies in the literature. Haze formation after CXL is well known to differ from the haze seen after other procedures on the cornea including refractive surgery.[@CIT0013] Formation of new molecular bonds among collagen lamellae post treatment can cause disturbance of the structural organisation in the stroma which effects corneal clarity.[@CIT0014],[@CIT0015] An early report has shown that between 3 and 12 months post CXL treatment there is keratocyte repopulation and renewal of nerve plexuses along with lamellar compaction within the corneal stroma.[@CIT0016] Additionally, damage to keratocytes post CXL[@CIT0017] has been linked to haze formation in many studies.[@CIT0018]

In this study, we found a statistically significant increase in CD in both groups between pre-treatment and 3 months post treatment. This increase in CD value was in the anterior and central layers for both corneal zones 0--2 mm and 2--6 mm. This is as expected as the CXL treatment is predominantly focused within these areas of the cornea.

In the adult group, corneal clarity significantly improved at 6 months and 12 months when compared with corneal clarity at 3 months post treatment in the anterior and central layers for all 3 corneal zones. However, in the juvenile group statistically significant increases in CD were found at 6 months post treatment compared to pre-treatment for all corneal layers in the 0--2 mm zone and in the anterior and central layers within the 2--6 mm zone. At 12 months post treatment compared to pre-treatment statistically significant high CD was found in the anterior layer of 0--2 mm zone and anterior and central layers within the 2--6 mm zone. A statistically significant improvement in corneal clarity was noticed at 12 months post treatment compared to 3 months post treatment at the central layer of zone2--6mm. It has been proposed by Greenstein et al[@CIT0006] that CD increases between 1 and 3 months and then from the 3rd month through to the 6th month, clarity improvement is witnessed and CXL-correlated corneal haze appears to decrease significantly. Our study agrees with these results but only for adult group and not the juvenile patients.

Our results show that there is a significant difference in improvement of corneal clarity post CXL treatment between adult and juvenile keratoconus patients. Comparative analysis of both groups reveals that two groups have significantly different corneal haze profiles post CXL. This was evident at six months post treatment for both the central and posterior layers in the 0--2 mm zone and for all layers in the 2--6 mm zone. One-year post treatment significant differences in corneal clarity between both groups were found in both central and posterior layers in the 0--2mm zone and in the central layer in the 2--6 mm zone. Divergence between the adult and juveniles keratoconus groups could be an effect of age as reports show that CD in healthy eyes increased with age in adults.[@CIT0019],[@CIT0020] CXL outcomes report that adult patients have a better outcome of functional and morphological criterion than juvenile patients.[@CIT0021] This divergence could be linked to the possible stimulation of differing activation pathways on keratocytes post-treatment[@CIT0022],[@CIT0023] which could have differing duration between the two groups. Differences in improvement between adult and juvenile groups could be influenced by corneal remodelling and wound healing process both of which play important roles.[@CIT0024],[@CIT0025]

Our result showed that the maximum effect of haze following CXL treatment was in the corneal centre 0--6mm rather than in the periphery which agrees with earlier reported studies on corneal densitometry in keratoconus.[@CIT0026] The anterior layer in 0--2 mm zone has the highest densitometry level after the treatment because it received maximum treatment.[@CIT0027] In addition, the age of the participants could have an impact in corneal clarity changes.[@CIT0020],[@CIT0028] However, despite the common belief that CXL is a safe technique in children the positive effect of the treatment does not last as long in comparison to adults.[@CIT0029]

This study did not find any significant differences in the BCVA for pre and post treatment for either group. These results supported earlier reports of a poor correlation between haze and visual acuity.[@CIT0006] However, a study looking at the changes in BCVA between pre-treatment and post-treatment in adult keratoconus showed that BCVA improved significantly between 6 and 12 months post-treatment.[@CIT0002] In the juvenile group, there was no significant improvement or diversity of BCVA at 12 months post-treatment from pre-treatment.[@CIT0030] This study could not find any differences in corneal thickness and thinnest area between groups and within each group which agree with the results of Shen et al.[@CIT0031]

In conclusion, haze levels increase after CXL differing in severity in different corneal zones and between the juvenile and adult keratoconus. The 0--2 mm and 2--6 mm zones were found to be the most affected area post treatment. Corneal haze reached its maximum level at three months after treatment then appears to differ significantly in improvement level between adult and juvenile groups, with the latter not returning to pre-treatment clarity in the most anteriorly central zone in juvenile group by 12 months. Longer follow-up may need to evaluate if the effect is permanent.
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